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Summary: The extent to which a substance in the circulation
gains access to the CNS needs to be determined for potential
neuropharmaceuticals as well as for drug candidates with pri-
mary targets in the periphery. Characteristics of the in vivo
methods, ranging from classical pharmacokinetic techniques
(intravenous administration and tissue sampling) over brain
perfusions to microdialysis and imaging techniques, are high-
lighted. In vivo measurements remain unmatched with respect
to sensitivity and for the characterization of carrier-mediated
uptake, receptor-mediated transport, and active efflux. Isolated
microvessels are valuable tools for molecular characterization
of transporters. Endothelial cell culture models of the blood-
brain barrier (BBB) are pursued as in vitro systems suitable for
screening procedures. Recent applications of conditionally im-

mortalized cell lines indicate that a particular weakness of
culture models because of downregulation of BBB-specific
transporter systems can be overcome. In silico approaches are
being developed with the goal of predicting brain uptake from
molecular structure at early stages of drug development. Cur-
rently, the predictive capability is limited to passive, diffusional
uptake and predominantly relies on few molecular descriptors
related to lipophilicity, hydrogen bonding capacity, charge, and
molecular weight. A caveat with most present strategies is their
reliance on surrogates of BBB transport, like CNS activity/
inactivity or brain-to-blood partitioning rather than actual BBB
permeability data. Key Words: Blood-brain barrier, endothe-
lial cell culture, pharmacokinetics, microdialysis, lipophilicity.

INTRODUCTION

Valid information about permeability of drug candi-
dates at the blood-brain barrier (BBB) is needed to de-
crease the attrition rate in drug discovery/development,
as poor pharmacokinetics has been recognized as one of
the leading causes of failure.'~

With the exceptions of diseases affecting primarily the
brain surface, such as meningitis or cerebral manifesta-
tions of leukemia, the brain tissue concentration, and its
temporal relation to blood or plasma concentrations is
most relevant, as compared with concentrations in CSF.
Brain tissue concentration needs to be further distin-
guished into the cell membrane bound and intracellular
fractions, and the fraction in brain interstitial space,
which amounts to about 19% of the tissue volume.’
Depending on the drug target and mechanism of action
of a given substance, either whole tissue concentration or
extracellular concentration may correlate to effect.

Figure 1 shows a schematic diagram of the brain and
its barrier systems. The BBB and the blood-CSF barrier
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(B-CSF-B) differ in location, size, morphology, and
function. The BBB is an endothelial barrier, where tight
junctions between the endothelial cells seal off the vas-
cular lumen from the abluminal side. In contrast, the
B-CSF-B is formed by the plexus epithelial cells, which
are connected by tight junctions, whereas the capillaries
are fenestrated. The available experimental tools to study
transport include in vivo techniques, in vitro models, and
computational approaches. An understanding of the dif-
ferent parameters used in these methods for the descrip-
tion of brain uptake is required to make valid compari-
sons. Table 1 gives a synopsis of the techniques
discussed in the following sections, highlighting the
main advantages and limitations.

IN VIVO MEASUREMENTS

Intravenous experiments and pharmacokinetic
principles

The intravenous technique remains the reference for
brain uptake studies because it represents fully physio-
logical conditions. Moreover, it offers the potentially
highest sensitivity, as tissue uptake in intravenous exper-
iments can be measured over long periods (i.e., multiple
passages through the brain capillary bed). In addition,
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FIG. 1. The interfaces between CNS and systemic blood: BBB
is formed by microvascular endothelial cells. B-CSF-B is formed
by the choroid plexus epithelial cells, which also secrete CSF.
Transport processes at both barrier systems include (a) passive
exchange via transcellular or paracellular diffusion, (b) uptake by
facilitative or active carriers and receptor-mediated transport, (c)
active efflux. In (d) there is exchange by diffusion and bulk flow
between brain interstitial fluid (ISF) and CSF, which are not sep-
arated by a tight cellular barrier. In vivo methods for measure-
ment of brain uptake differ in the sampling compartment: 1)
whole tissue samples include vascular content, vasculature,
brain cells and interstitial fluid, 2) microdialysis methods sample
interstitial fluid, and 3) catheters in ventricles or subarachnoid
space collect CSF.

information on systemic pharmacokinetics of a com-
pound may be gained simultaneously. However, aware-
ness of potential pitfalls is required to avoid erroneous
evaluation and data interpretation. It is salient that spe-
cific and sensitive analytical methods must be applied,
especially with metabolically labile substances, to mea-
sure the intact fraction in blood and tissue. Two phar-
macokinetic scenarios need to be distinguished with re-
spect to brain uptake: 1) Unidirectional uptake from
plasma into brain tissue, or 2) reversible uptake, i.e.,
influx and efflux are present simultaneously. Unless there
is irreversible binding of the test substance in brain tis-
sue, the second case will apply to any compound at
sufficiently late time points.

Evaluation of initial rate experiments

The goal of such studies is to capture the unidirectional
uptake phase. In that case no assumptions are required
about distribution phenomena taking place after a sub-
stance has entered brain tissue (cellular binding, cellular
uptake, metabolic degradation, efflux), which are often
not readily experimentally accessible.

Single time-point analysis* requires the least number
of test subjects but is contingent on the presence of
unidirectional transport. It involves arterial blood sam-
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pling at suitable intervals for analysis of the time curve
of blood or plasma concentration, C,, and obtaining a
single brain tissue sample at the terminal time point.
Provided the condition of unidirectional uptake holds,
the brain tissue concentration, Cy,., accumulated at time T
can be calculated as

Cbr: Kin X AUCZ; (1)

where K;, is an organ clearance, the unidirectional influx
constant from plasma to brain, and Ach (area under the
curve) is the integral of plasma concentrations from time
= 0 to time = T. C,, in that equation should represent
tissue concentration after correction for intravascular
content. A brief washing procedure with buffer via the
ascending aorta can be performed to clear intravascular
content after sacrificing the animal. Alternatively, the
intravascular volume of brain, V, is experimentally de-
termined by coadministration of a vascular marker (a
substance not significantly accumulating in brain tissue
during the time course of the experiment, e.g., radiola-
beled serum albumin, inulin, or sucrose). The corrected
brain concentration, C,, is then obtained according to

Cpr = (Vp = Vo)CLT) ©))

where V|, represents the apparent volume of distribution
of the test substance in total brain at the sampling time T:
VD = Cbr(lotal)/cp'

Therefore, K;,, with dimensions [volume mass™
time '], is obtained from the measurable quantities as:

1

_ (Vo= Vo)C(T)

in A ch (3)

The permeability of the BBB may then be derived from
the Renkin-Crone equation of capillary transport,>®
which provides a relation between K, and PS, (the prod-
uct of permeability P and capillary surface area S) and
flow F:

K,=F(l— e 4)

Two boundary conditions can be identified. K;, will be
equivalent to PS (with an error = 10%) if BBB perme-
ability is low relative to flow (PS = 0.2 F).” In the case
of high PS products, K;, will approach cerebral blood
flow (PS = 2.3 F, with an error = 10%) and is fully flow
limited. Hence, for the valid calculation of PS products
in the range of PS > 0.2 F, simultaneous measurement of
K,, and of cerebral blood flow is required. Substances
with high permeability suitable as flow markers include
diazepam and butanol.

Multiple-time uptake data

For brain tissue concentrations measured at different
sampling times, Patlak formulated a method to estimate
K,, from a graphical representation of the experimental
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Technique

Measured/Estimated

Parameter

Advantages

Disadvantages/Caveats

In vivo methods
Intravenous injection/

brain sampling

Brain uptake index

Brain perfusion

Quantitative autora-
diography

External registration:
MRI, SPECT, PET

Microdialysis

CSF sampling

In vitro methods

Fresh isolated brain
microvessels

EC membrane
vesicles

Endothelial cell culture
Primary cultures, cell

lines

In silico models

Rules of thumb

Classification models

QSAR

Influx; Influx/efflux

Influx

Influx

Influx

Influx/efflux

Influx/efflux

Influx/efflux

Binding, uptake,
efflux

Carrier-mediated
transport

Receptor binding;
uptake; luminal
to abluminal
transfer (and op-
posite direction)

CNS active (+/—);
Log BB; Log PS

Most physiological approach;
highest sensitivity; low tech-
nical difficulty

Fast procedure; moderate tech-
nical difficulty; permits wide
range of modifications of
injectate composition; arti-
facts by metabolism largely
excluded

Higher sensitivity compared
with BUI; permits modifica-
tion of both perfusate com-
position and flow rates; arti-
facts by peripheral
metabolism excluded

Excellent spatial resolution

Noninvasive and applicable in
humans; allows time course
measurements in individual
subjects

Allows time course measure-
ments in individual subjects;
samples well suited for sub-
sequent analytical
procedures

Readily accessible for sam-
pling; applicable to humans

Representing the in vivo ex-
pression of transporters and
efflux systems at the BBB

Allows distinction of luminal
versus abluminal transport
activity

Permeability screening experi-
ments (feasible with primary
EC from bovine/porcine
sources); effect of culture
conditions on BBB transport
properties may be studied
(e.g., astroglial factors, se-
rum effects, inflammatory
stimuli, hypoxia/aglycemia)

Screening of large compound
libraries (depending on
model selection and compu-
tational resources); screening
of virtual libraries

May require good analytical tools
to exclude metabolite uptake and
careful pharmacokinetic analysis
to discriminate unidirectional
uptake versus bidirectional
transfer

Relatively insensitive (compared
with intravenous injection and
brain perfusion)

Technically more difficult than
intravenous experiments and
BUI

Time-consuming evaluation; no
proof of integrity of tracer

Expensive equipment (MRI, PET)
and tracers (PET); limited sensi-
tivity (MRI) and availability of
labeled tracers (MRI, PET); poor
spatial resolution for small ani-
mals (SPECT)

Technically involved; in vivo
probe calibration required for
valid quantitative evaluation;
local damage to BBB integrity

Reflects permeability of B-CSF-B
and CSF fluid dynamics rather
than BBB

Transcellular passage cannot be
measured

Large amounts of source material
required, laborious preparation

No system yet able to represent in
vivo condition with respect to
barrier tightness and BBB spe-
cific transporter expression; mul-
titude of models makes compari-
son of results between studies
difficult

Many current models based on
data, which may not represent
BBB permeability as such (log
BB; CNS activity); still very
limited data bases for BBB
transport (log PS models)
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data® V, in brain is plotted versus the ratio
Ach/Cp(T), also called the “exposure time.” This plot
yields a straight line for the period of unidirectional
uptake, and linear regression analysis can be applied to
fit the data to the equation used in this approach:

C r(tota T AUCT
prtrorat(T) - K, 0 vy, )
Cy(T) oT)

The fitting provides K, as the slope of the regression
line. V; is the ordinate intercept and represents the initial
volume of distribution, which comprises intravascular
space, V,, and any brain compartments in rapid equili-
bration with plasma.’ Theoretically, a vascular marker is
not required, in contrast to the single time point analysis.
However, without additional experimental information
the assignment of a physiological meaning to V; values
exceeding the typical intravascular volume of about
10-12 ul/g is not straightforward. In addition, if an ap-
parent linearity of the uptake phase is observed in the
presence of large y-intercepts (= high V; values), the
assumption of unidirectional uptake is likely no longer
justified.'®

Bidirectional transfer across the BBB after systemic
drug administration is included in multicompartmental
models, such as the distributed model,'" which distin-
guish concentrations in brain intracellular fluid, extracel-
lular fluid and CSF, but the practical application requires
considerable experimental input. Direct experimental
measurements of efflux can be performed (see brain ef-
flux index as discussed in this issue of NeuroRx® by
Terasaki and Ohtsuki).'?

For cases where whole brain tissue concentrations C,,
are measured and passive distribution across the BBB
occurs by diffusional transport, the relationship to the
plasma concentration-time course after an intravenous
bolus administration can be described by an equation of
the form:

—kout _ ,—Ait

e

Colt) = K2 Ciy (©)

i=1

where C; and A; are the parameters of an exponential
disposition function from plasma.'® The single rate con-
stant of elimination from brain tissue, k_,,, may comprise
loss by efflux and/or local metabolism. Equation (6) is
equivalent to equation (1) for the special case, k., = 0.

The evaluations outlined above assume linear pharma-
cokinetics. Saturable processes for brain uptake or sys-
temic clearance can be accounted for by applying
Michaelis-Menten kinetics (see brain perfusion studies
described below).

Brain uptake index and isolated brain perfusion
These methods complement the intravenous analysis
and offer some unique advantages. Both techniques per-
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mit to manipulate the composition of the intravascular
fluid in the brain microcirculation within wide limits,
which is not possible with intravenous administration. In
addition, metabolism in other organs is excluded, facil-
itating analysis and avoidance of artifactual uptake mea-
surements.

The brain uptake index (BUI), as originally described
and refined by Oldendorf,'*' is a single pass method. It
greatly facilitated transport studies because of its techni-
cal simplicity and versatility compared with the indicator
diffusion method, a single passage technique, which re-
quires sampling of venous cerebral outflow.” The BUI
employs a rapid bolus injection of radiolabeled test and
reference substances into the common carotid artery of
anesthetized animals (e.g., in the rat 0.2 ml in less than
0.5 s). The option to choose freely the composition of the
injectate buffer allows to analyze the effects of test solute
concentration, electrolytes and pH, osmotic pressure, as
well as the influence of protein binding. After the 1- to
2-s passage time through the brain capillaries, brain up-
take is measured as the single pass extraction, E, by brain
tissue sampling after decapitation, which is performed
within 5-15 s. The short time interval excludes systemic
recirculation and also minimizes potential wash-out.'> A
second reference substance is coinjected, which does not
penetrate the BBB, to correct for the fraction of the bolus
remaining in the vascular lumen at the time of brain
sampling (about 2%). Suitable combinations of radioiso-
topes must be available to allow for double or triple
isotope counting of the tracers in injectate and brain
tissue, respectively. The calculation of BUI (as percent-
age) is defined by the equation:

BUI = ]00[(Ete.\'1 - Eref\/)]/Eref;u (7)

where E is the brain extraction of the unknown test
substance, E,.x; is the apparent extraction of a vascular
marker (nonpermeant reference) and E ¢ is the extrac-
tion of the permeant reference. The BUI represents a
relative measure, but it may be converted to a true extrac-
tion value, provided the absolute extraction fraction, E,;, of
the permeant reference, is known from independent exper-
iments.' Further, the Renkin-Crone equation gives the
relation to PS product and cerebral blood flow, F:

E=1-¢"" ®)

With widespread use of the carotid single injection
method over the years, BUI data of a host of endogenous
and exogenous compounds accumulated, including the
characterization of BBB nutrient transport systems and
drug transport.'® BUI measurements are particularly suit-
able for substances with moderate to high BBB perme-
abilities, whereas the single capillary transit implies that
absolute extraction values of poorly permeant solutes (at
E values of about 0.05 or less) cannot be determined
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reliably. As an example, the classical CNS drug mor-
phine with a BUI of 2.6 is barely different from vascular
markers with a BUI value of 2.'

In addition to the low sensitivity, other limitations
have been realized. Mixing of endogenous plasma with
the injectate solution has been estimated at 5%,"” which
is relevant in cases of saturable transport with low
Michaelis-Menten constant (K,,) and high plasma con-
centrations of endogenous substrates (e.g., neutral amino
acids and the LAT1 transporter) and for drugs with high
plasma protein binding. Because of the short measure-
ment time, it is also not possible to study slower uptake
processes, such as receptor-mediated endocytosis.

These shortfalls of the BUI have been addressed by the
development of brain perfusion methods.'®~2° The Taka-
sato method uses a retrograde catheterization of the ex-
ternal carotid artery in the anesthetized rat, and ligation
of all branches of the external and internal carotid ar-
tery.'® The perfusion with an oxygenated physiological
buffer containing the test substance is started after ligat-
ing the common carotid artery. Recent simplifications of
the technique?' include direct catheterization of the com-
mon carotid artery, and stopping endogenous blood flow
by severing the heart ventricles before start of the per-
fusion to minimize mixing of perfusate and endogenous
blood. In addition to the manipulation of perfusate com-
position, control of flow rate and duration is possible
with the perfusion technique. Because of the constant
perfusate concentration during the perfusion time, T,
equation (3) for calculating K,,, simplifies to:

_ (VD - Vo)
Ky=—5— ©)

In accordance with the longer exposure of the brain
capillary bed to the test substance compared to the single
pass technique, the sensitivity of the perfusion method is
enhanced by about 2 orders of magnitude. Perfusion times
with buffer can be extended up to 10 min,** and up to 1 h
by addition of oxygen carriers (washed erythrocytes).'

Receptor-mediated transport at the BBB via transcy-
tosis has been shown for peptides and proteins,** e.g.,
hormones like insulin and leptin, transport proteins
(transferrin, apolipoproteins), and various cytokines. The
relatively slow transport process, operating on a time
scale of minutes, as opposed to the rapid carrier mediated
transport, makes brain perfusion the method of choice to
characterize receptor-mediated uptake. The BUI method
is too insensitive, whereas the intravenous technique is
prone to artifacts, especially with respect to the meta-
bolic lability of peptide hormones.

It is crucial in uptake experiments to distinguish be-
tween the fraction of a test substance, which has passed
through the endothelium and entered brain extracellular
space or brain cells, and the fraction associated with the

endothelial cells. Such an analysis is possible with the
capillary depletion method.”* A density centrifugation
step of brain homogenate in dextran separates the vas-
cular component from the rest of the tissue. The power of
the method was demonstrated in studies revealing the
vascular sequestration of adenosine after carrier medi-
ated uptake and endothelial metabolism,** and by recep-
tor-mediated endocytosis without exocytosis on the ab-
luminal side?* for acetylated low-density lipoprotein
(LDL). However, it is important to be cognizant of the
limitations of the approach. Because vascular depletion
is not an instantaneous process, redistribution may pro-
duce artifacts, e.g., because of dissociation from low
affinity or nonspecific binding sites at the endothelial cell
plasma membrane, as observed with a synthetic dermor-
phin tetrapeptide.?

Analysis of saturable uptake

A modified Michaelis-Menten equation is employed to
characterize BBB permeability by saturable transport
systems under different concentrations of test solute in
the perfusate, Cpf. To account for the diffusional com-
ponent of uptake, the following equation is used:

Vmax

PS= Km + Cﬁf

+ K, (10)

where V.., the maximal rate of the saturable component
of transport, K, the perfusate concentration at which
half maximal transport occurs, and K, the nonsaturable,
diffusion uptake clearance. The parameters of K., and V.
can be estimated by regression analysis after plotting BBB
PS products versus perfusate concentrations. This type of
analysis has been extensively used with both the BUI and
perfusion techniques to study carrier mediated uptake of
glucose, amino acids, and other metabolites.?0 2%

Quantitative autoradiography

Quantitative autoradiography (QAR) methods were
originally developed by Sokoloff’s group®*~° for mea-
surement of local glucose metabolism with [1*C] 2-de-
oxyglucose and for blood flow with iodo['“C]antipyrine.
The strength of the technique lies in the high spatial
resolution in the micrometer range. Preferred applica-
tions include studies in which regional differentiation is
crucial, as is the case for brain tumors>' and ischemia.>?
The radioactive tracers, typically labeled with '*C, are
administered intravenously, and arterial blood samples
are drawn to measure the concentration time course.
Pharmacokinetic evaluations correspond to the proce-
dures outlined for intravenous experiments above, with
the difference that brain activity measurements are per-
formed on cryostate sections of the harvested organ,
which are dried and exposed to x-ray film or phosphor
imaging screens along with radioactive standards. Quan-
tification of V, values to correct for intravascular volume
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is done in separate experimental series after injection of
a marker with low permeability ('*’I-labeled albumin,
['*C] sucrose). To calculate regional PS values of a test
substance, separate measurement of regional blood flow
must be performed.>® Employing suitable combinations
of isotopes, dual label autoradiographic methods are pos-
sible. QAR methods serve as the reference for develop-
ing external detection techniques described below.

External detection methods

Because of their noninvasive character, external detec-
tion techniques can be applied in humans and permit to
measure individually the time course of uptake together
with plasma pharmacokinetics. Spatial resolution of sin-
gle photon computed tomography (SPECT) is in the
centimeter range, whereas magnetic resonance imaging
(MRI) and positron emission tomography (PET) ap-
proach autoradiographic resolutions. In the case of the
radioisotope techniques (SPECT, PET) no signal dis-
criminating intact tracer and metabolites is obtained,
which limits the time course of experiments if tracers are
chemically unstable.

Three main types of PET tracers are in use: 1) nutrient
analogs like '®F-deoxy-glucose and several amino acid
analogs (e.g., "C-methionine, 18F-DOPA) for measure-
ment of metabolism, 2) ligands for neurotransmitter re-
ceptors or transporters, and 3) tracers for detection of
BBB damage (e.g., ®*Ga-EDTA). The primary focus in
studies with the first two classes is on brain metabolism
and receptor binding, respectively. Quantitative mea-
surements of PS products at the BBB use dynamic scan-
ning procedures and require the arterial input function to
be measured, either by blood sampling or scanning of
large vessels. Evaluations are performed graphically, or
with compartmental pharmacokinetic models.***

Recent efforts are directed at the development of ra-
diotracers, which are substrates of the membrane efflux
transporter, p-glycoprotein (MDR). For example, ''C-
verapamil and ''C-carvedilol have been introduced as
PET tracers for this purpose and may be beneficial for
screening the pharmacokinetic behavior of other P-gp
substrates in inhibition experiments.*®

MRI is clinically used for detection of BBB defects in
diseases like multiple sclerosis, stroke, and brain tumors.
Routinely the focal BBB breakdown associated with
these conditions is qualitatively measured after injection
of suitable paramagnetic MR contrast media, e.g., gad-
olinium-DTPA (Gd-DTPA). Quantitative measurement
of BBB PS products is feasible with this tracer,>” which
behaves as a vascular marker under physiological con-
ditions, showing a PS product at the intact BBB below
the value of sucrose.*® Dynamic MRI measurements fol-
low the concentration changes of the contrast agent in
brain tissue after an intravenous bolus injection. The
evaluation of concentration time curves for determina-
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tion of PS products either employs multicompartmental
kinetic models or the graphical Patlak analysis.*® Gd-
DTPA may be useful to follow the effect of drug treat-
ment on restoring BBB integrity. The measurement of
drug uptake itself through the BBB by MRI is limited by
the inherently low sensitivity of MRI, which requires
high local concentrations to generate detectable MR con-
trast.>® As an illustration, typical systemic doses of the
BBB leakage probe, Gd-DTPA, are on the order of 0.1
mmol/kg.

Brain microdialysis

The microdialysis technique has gained increasing
popularity over the last decade for studying drug distri-
bution to the CNS.***' This method requires stereotaxic
probe implantation under anesthesia, which is an inva-
sive procedure causing acute traumatic injury.*? Once
the probe is implanted, microdialysis offers the advan-
tage of allowing repeated or continuous sampling in
freely moving animals. The method is applicable in hu-
mans, and the concentration-time course (and the AUC)
of a test substance can be measured in individual sub-
jects. Moreover, the dialysate is readily available for
chromatographic analysis.

Valid quantitative interpretation of microdialysis data
requires the individual calibration of the probes to obtain
correction factors, which relate the dialysate concentra-
tion to the brain extracellular fluid (ECF) concentration.
Recovery rates of dialysis probes for certain test sub-
stances can be low, e.g., in the range of 3% with small
peptides. In addition to the physicochemical properties of
the solute, the probe recovery as measured in vitro is
dependent on factors such as probe geometry, membrane
material, and dialysate flow rate. Notably, theoretical
models clearly demonstrated that in vitro and in vivo
recovery rates differ, because the latter is modulated by
tissue-specific factors.*® Experimentally, several tech-
niques are in use to account for this fact and determine
the in vivo probe recovery. These include the retrodialy-
sis method, the zero-net-flux approaches,44 and the ref-
erence method.*® Moreover, the underlying pharmacoki-
netic principles need to be considered in the
interpretation when microdialysis is used to analyze
BBB permeability.*’ Because the samples reflect un-
bound test solute concentration in brain extracellular
fluid, microdialysate data are not only dependent on the
uptake rate and efflux rate through the BBB, but also on
the rates of transfer between brain intra- and extracellular
compartments. When drug concentrations are measured
under steady-state conditions, a ratio of unity is expected
for AUCy,in e/ AUC plasma unbound- A significantly lower
ratio is interpreted as evidence of local metabolism or the
presence of efflux transport at the BBB.*°

For correct estimates of BBB influx clearances or PS
products, the apparent brain volume of distribution needs



BBB TRANSPORT MEASUREMENT 21

to be known, which requires the separate measurement of
total tissue concentrations.*>*’ Erroneous conclusions
based on isolated microdialysis data may be drawn, as a
controversy around the BBB permeability of morphine-
6-glucoronide (M6G) may illustrate. The postulate of
good BBB permeability of M6G was based on the AUC
in brain dialysate of this pharmacologically active mor-
phine metabolite being only four-fold lower compared
with its parent compound after equivalent systemic dos-
es.*® However, determining BBB permeability of M6G
with intravenous injection and whole tissue measurement
revealed a PS product 32- to 57-fold lower than mor-
phine.***° The discrepancy was reconciled by studies, in
which both brain dialysate and whole tissue concentrations
were taken into account.’’>*> These comparisons showed
that M6G is largely confined to brain extracellular space.
Despite a much lower uptake rate through the BBB con-
centrations approach those of morphine, which accumu-
lates predominantly in the intracellular compartment.
Brain microdialysis appears to perform best for drugs
with intermediate permeability. For substances with high
permeability, which also tend to show high intracellular
accumulation, concentrations in dialysate may be im-
measurably low. An example is the highly lipophilic
benzopyranone analog KA-672, which reached concen-
trations in brain homogenate three times higher than in
plasma, whereas microdialysate concentrations were be-
low the detection limit.>® At the other end of the perme-
ability spectrum, microdialysis likely overestimates the
permeability of poorly permeable compounds (e.g., su-
crose, AIB, inulin, urea) because of subtle, yet persistent
BBB damage. For example, an increase of the BBB PS
product of sucrose by a factor between 5 and 20 was mea-
sured, when compared with the intravenous administration/
single time point brain sampling method and QAR.5*>°

Limitations of CSF sampling

Especially in human pharmacokinetic studies the mea-
surement of CSF concentrations is often taken as a sub-
stitute for brain interstitial fluid concentrations. How-
ever, as Collins and Dedrick'' already derived
theoretically for the distributed model, drug delivery to
brain and CSF must not be considered identical. Con-
centration gradients between CSF and brain tissue exist,
with the magnitude being determined by the relations of
CSF bulk flow, distance from ependymal surface, and
brain capillary permeability. This holds even in the ab-
sence of any active transport processes. However, many
drugs are affected by active influx or efflux systems at
the CNS barriers, or by local metabolism.’® Quantitative
and qualitative differences in the expression of transport-
ers between BBB and B-CSF-B will result in unequal
concentrations in CSF and brain after systemic drug ad-
ministration. Well documented examples are the quino-
lone antibiotics, which reach much lower concentrations

in brain extracellular fluid compared to CSF because of
highly efficient efflux transport at the BBB.>’”® The
reverse transcriptase inhibitor azidothymidine readily
reaches CSF as a nucleoside analog via a thymidine
carrier system at the choroid plexus. On the other hand,
azidothymidine shows negligible brain uptake, consistent
with efflux at the BBB.>

IN VITRO MODELS OF BRAIN UPTAKE

Isolated brain microvessels

The ability to isolate viable microvessels from brain
tissue of various species, including human autopsy brain,
spurred multiple in vitro approaches.®®®! The isolated
capillaries remain metabolically active, although the
ATP content is significantly depleted.> The BBB-spe-
cific gene expression of endothelial receptors and carrier
proteins reflects the in vivo situation. Hence, microvessel
preparations can be successfully used to perform binding
and uptake assays and to study BBB transport systems
for nutrients and peptides at the mRNA and protein
level.®' Examples of binding/uptake assays conducted
with isolated microvessels to characterize peptide recep-
tors at the BBB, include those for transferrin, insulin and
insulin like growth factors, leptin and tumor necrosis
factor (TNF) «.?%%3 Because both plasma membrane sur-
faces are accessible to ligand in a capillary suspension,
no differentiation between binding and uptake by the
luminal versus the abluminal side is obtained. However,
after incubation of fresh capillaries with fluorescence-
labeled ligands, confocal microscopy can be used to
analyze the spatial distribution. This approach allowed
the demonstration of luminal and abluminal localization
of transferrin receptors with a monoclonal antibody at-
tached to fluorescent labeled liposomes.®* Recently,
Miller et al.® used isolated brain microvessels to estab-
lish a semiquantitative assay for drug efflux transport at
the luminal endothelial plasma membrane. These authors
used confocal microscopy to measure concentrations of
fluorescent P-glycoprotein substrates. Microvessels were
loaded with fluorescent drugs (e.g., daunomycin, fluores-
cent derivatives of cyclosporin A and ivermectin) and
then fluorescence intensity accumulating inside the lu-
men of a defined isolated brain capillary was dynami-
cally quantified. Nonfluorescent drugs may also be ana-
lyzed, if they inhibit efflux of fluorescent substrates (e.g.,
inhibition of P-gp mediated transport by verapamil). Ef-
flux mediated by ABC transporters is known to be ATP
dependent, and the fact that it could be suppressed by the
inhibitor NaCN lends further support to the metabolic
viability of isolated microvessels.®®

Another option to separately analyze transport pro-
cesses at the luminal and abluminal plasma membrane is
provided by the isolation of membrane vesicles derived
from these membrane domains with ultracentrifugation
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in Ficoll gradients.°® However, large amounts of brain
microvessels are required as a source for the membrane
preparation, which need to be isolated from a typical
starting material on the order of 100 bovine brains.®” The
membrane vesicles have been used in initial rate exper-
iments and in equilibrium studies to analyze kinetics and
distribution of transport systems. To date, nutrient trans-
port (amino acids, glucose) and electrolyte transport have
been characterized, but the technique should also be
applicable to study carrier-mediated drug transport.

Endothelial cell culture models

Much effort is dedicated to the development of brain
microvessel endothelial cell (BMEC) culture systems,
which could be used for quantitative permeability studies
and as screen in drug discovery.®®*® A large diversity of
models exists with respect to species of origin, primary
culture or cell lines, and culture conditions.

Typical set-ups for transport studies have been com-
pared.”® A vertical system for transport studies utilizes
the Transwell insert system, where an endothelial cell
monolayer is grown to confluence on collagen/fibronec-
tin coated, removable polycarbonate filter inserts sepa-
rating an upper (donor) and lower (acceptor) chamber.
This system is popular primarily because of the conve-
nient handling. Its disadvantages include the difficulty of
a tight temperature control and poor agitation of the
solutions, which does not guarantee well-stirred condi-
tions. This presents a significant difference to the in vivo
condition, as there is no significant unstirred water layer
at the BBB.”! In addition, the construction makes a small
hydrostatic pressure gradient unavoidable.

Alternative technical solutions place the filter with the
endothelial cell layer between horizontal diffusion cham-
bers, and continuous mixing of donor and acceptor fluid
is created either by gas-lift (Snapwell system; Corning,
Acton, MA) or by magnetic stir bars (Side-bi-Side sys-
tem; Crown Glass, Somerville, NJ). Both horizontal sys-
tems avoid hydrostatic pressure gradients and provide
temperature stability using a water jacket.

The actual transport experiments and the evaluations
are straightforward. After adding the test substance to the
donor compartment, repeated samples are taken from the
donor compartment over the desired time course (typi-
cally 30-60 min). The concentration measured in these
samples and the known volumes of the compartments
(Vgonor a0d Vcepior) are used to calculate the incremen-
tal clearance volumes AV, for each time point:

C XV

acceptor acceptor

Cdmwr

AV = (11)
As long as the concentration in the acceptor compart-
ment is small and AV, increases in linear manner, the
slope of the line can be interpreted as the PS product for
unidirectional transfer. With the known exchange sur-
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face, S, (= filter area) the permeability may be obtained
as P = PS/S. Finally, a correction needs to be made for
the permeability of the cell-free filter:

1 1 1 (12)
Pmtal Pﬁlter

P endothel

Primary endothelial cell cultures

Accepted criteria for monitoring the quality of mono-
layers in transport studies include transendothelial elec-
trical resistance (TEER) and permeability to hydrophilic
markers like '*C-sucrose, which reflect the degree of
tight junction formation. Using these criteria, none of the
primary endothelial cell culture models matches yet in
vivo conditions (TEER in the range >2 kQcm? up to 8
kQcm?,”? and sucrose permeability of about 0.3 X 10’
cm s~ ').* Although primary cultures can be established
from rat, mouse, bovine, porcine, primate, or human
brain, only bovine or porcine sources provide sufficient
quantities for permeability screening of drugs.

Bovine systems in several variants are widely used.
For example, Audus and Borchardt’s 1labs®®7 developed
a monoculture system of endothelial cells grown out
from microvessels, which are obtained by Percoll cen-
trifugation after several steps of enzymatic digestion of
brain tissue (dispase/collagenase). These cells form
monolayers with TEER values of 160-200 {cm? and
sucrose permeabilities of 1-2.4 X 1077 cm s~ ' after 9-10
days in culture.®®

One intervention to improve barrier tightness and BBB
specific gene expression is to mimic the astroglial influ-
ence present in vivo by adding astrocyte conditioned
culture medium or by coculture with astrocytes. For ex-
ample, Cecchelli and co-workers’ use rat astrocytes
grown at the bottom of the culture well, with bovine
BMEC growing on the membrane inset. In this case, the
endothelial cells are derived from clones sprouting out of
capillary fragments, and can be passaged up to seven
times. TEER is reported to increase significantly com-
pared to monocultures, up to 800 Qcm?® Some BBB
characteristics also improved, as concluded from the
stimulated expression of transferrin receptors, LDL re-
ceptors and P-glycoprotein compared with endothelial
cells in monoculture without astrocytes.

A different approach toward an improved BMEC
model has been introduced by Galla’s group.”* These
investigators grow primary cultures from porcine BMEC
under serum-free conditions, without astrocytes, but with
hydrocortisone in the media. The tightness of this model
appears remarkably high, with TEER of 600-1000 Qcm?,
and sucrose permeability as low as 3 X 107" cm s~ '.

To overcome the disadvantages of primary culture sys-
tems with respect to labor intensity and batch-to-batch
reproducibility, a number of immortalized cell lines have
been established, mostly generated by transformation
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with viral proteins. A recent review listed 18 brain de-
rived endothelial cell lines.®® Typically, these cell lines
do not form tight monolayers and are unsuitable for
transport experiments. However, rat (TR-BBB) and mu-
rine cell lines (-BBB), which carry a temperature-sensi-
tive simian virus 40 large T antigen, show high potential
as in vitro models of BBB transport, specifically when
active influx or efflux carrier systems are involved. These
cells grow at a permissive temperature of 33°C, and stop
proliferating at 37°C. The analysis of nutrient transport-
ers, neurotransmitter transporters, and ABC transporters
revealed that many of the systems known to be active in
vivo are also highly expressed by these cell lines.”> For
example, the transport activity of GLUT1 glucose trans-
porter in TR-BBB cells reached 20% of the in vivo value,
whereas this carrier is downregulated in primary BMEC
by 100-fold.”®

Computational prediction of brain uptake

The in silico models evolved from experimental work
on the correlation between brain uptake and two princi-
pal molecular properties: lipophilicity and molecular
weight.”””® Modeling efforts concentrate on passive per-
meability at the BBB, because the quantitative structural
information necessary for predicting active or facilitative
transport processes is currently insufficient.

Classification models assign drugs to categories based
on their pharmacological activity, such as CNS active
and CNS inactive.”® Predictive models for assignment of
a test substance to these classes have been built based on
one- and two-dimensional molecular descriptors, or on
substructure analysis.®® The data sets used in these mod-
els are large, ranging from hundreds to ten thousands of
compounds. With respect to a correct prediction of BBB
permeability, the pitfalls of the approach are well recog-
nized.””®' In particular, CNS-inactive drugs may actu-
ally be able to penetrate the BBB but lack a drug target
(receptor) inside brain tissue. Prediction accuracies for
test sets of about 80% for CNS-active drugs are reported
with various algorithms, whereas accuracies for correct
prediction of CNS-inactive drugs are typically 10-20%
lower.®!

A different category of models, which represents the
bulk of current computational Quantitative Structure Ac-
tivity Relationship (QSAR) approaches, is based on a
pharmacokinetic parameter: the brain/blood partitioning
at steady state, expressed as log BB [= log (Cy..in/
Chiooa)]- All the strategies using log BB share caveats,
which jeopardize the validity of predictions.®*~®* First,
valid log BB values need to be determined at steady
state. This prerequisite is probably often violated in the
existing data sets. Taking a single pair of blood and
tissue samples before the steady state of tissue distribu-
tion is reached, will distort the estimate of brain uptake.
Second, whole brain tissue concentrations are measured,

which may not have good correlations with free concentra-
tions and occupancy of specific binding sites in brain. Third,
log BB reflects processes other than BBB permeability,
including plasma protein binding, tissue binding, local
metabolism, and efflux across the BBB or clearance by
interstitial fluid flow and CSF reabsorption.

Regarding details of the models, the number of de-
scriptors necessary to build QSAR models of brain up-
take appears limited. As argued by Lipinski, the chemi-
cal space is characterized by few descriptors (five to six)
related to molecular size, lipophilicity, polarity, H-bond-
ing status and charge with regard to Absorption Distri-
bution Metabolism Excretion (ADME) properties.®>

The 1-octanol/water partition coefficient, log P im0
water, has been in long standing experimental use as a
descriptor of lipophilicity, and early predictive models
were based on that parameter.*®®” One reason for its
popularity are computer algorithms providing calculated
log P values, like ClogP*® and MlogP,*® which often
closely match (within about 0.3 log units) experimentally
measured values.®® For ionizable molecules, the distri-
bution coefficients, i.e., log P values at a defined pH
(typically the physiological plasma pH of 7.4) are used.
If log P and pKa is known, log D may be derived using
the Henderson-Hasselbalch equation.

Solvation equations and linear free energy relation-
ships were investigated extensively by Abraham’s group,
culminating recently in a version of their regression
model based on the descriptors molar refraction R,, po-
larizability ,", hydrogen bond acidity a,™ and basicity
B,", McGowan molecular volume Vy, and an indicator
variable for the presence or absence of a carboxyl
group.”® The regression analysis was based on a data set
of 157 drug and non-drug-like substances. After omitting
nine outliers, multivariate linear regression resulted in
the following statistics:

log BB = —0.02 + 0.47R,~0.867-0.5904-0.71 8}
+0.90Vy + 0561,

(n = 148, 1> = 0.744,s = 0.342, F = 83)

Hence, regression analysis indicated that higher polarity
and hydrogen bonding decreased brain accumulation,
whereas higher molecular volume was positively corre-
lated. Alternative thermodynamic approaches (e.g.,
Keseru and Molnar®') with faster computational algo-
rithms yielded similar statistical qualities.

In a quest to increase calculation speed by simplified
modeling with a reduced number of descriptors, a group
of QSAR models evolved, which are based on polar
surface area (PSA) as the only, or as the dominant
physico-chemical descriptor.”*~> PSA values can be cal-
culated from the chemical structure, and these are highly
correlated to the hydrogen bonding capacity of a mole-
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cule.”® By analyzing 125 drugs classified as CNS active
or nonactive, the constraints of CNS active drugs were
defined by van de Waterbeemd et al.? as displaying a
polar surface area less than 90 A, and molecular weight
less than 450. Another, less stringent descriptor in that
study was molecular shape, expressed as the ratio of a
molecule’s principal axes, which should be <5.72 Based
on a different data set, Kelder et al.>* estimated a lower
value (<60-70 A?) as the upper limit for PSA of CNS-
active drugs.

Despite a wide spectrum of molecular descriptors
used, the recent computational approaches seem to
achieve similar predictive quality for brain partitioning,
when judged by correlation coefficients (r* in the range
of 0.7-0.9) and standard deviation (about 0.4 log
units).8"*° From classification and QSAR studies with
log BB data described above, a few additional rules of
thumb have been derived. Norinder and Haeberlein®®
noted a linear relation between PSA and the sum of N +
O atoms, and postulated that (N + O) = 5 predicts good
brain uptake. A second rule was derived from a model by
Clark,” which uses both PSA and logP as descriptors: If
log [P — (N + O)] > 0, then also log BB >0.

It can be argued that taking into consideration the
experimental error of log BB values of about 0.3 log
units, the performance of current log BB/QSAR models
may have approached its limit.®' Furthermore, the ques-
tion has been raised whether log BB predictions are
relevant to the discovery of clinically useful drugs.®*%?
One way to address this concern is expanding the ne-
glected, alternative approach, which builds predictive
models from BBB permeability data, as demonstrated
early by Levin’s work.”” He measured permeability co-
efficients using an intravenous method, and concluded
from a series of 22 compounds that BBB transfer can be
described by a regression between log (permeability) and
the product of log P_ ..o times square root of molecular
weight. The regression held for compounds up to 400-
600 Da. Substances falling several orders of magnitude
above or below the line are substrates of carrier mediated
uptake or active efflux, respectively.

Among the few QSAR models using BBB uptake
rates, a study by Gratton et al.”’ applied Abraham’s
Linear Gibbs free-energy relationship (LFER) approach
to 18 compounds covering 7 log orders in measured PS
products. The regression equation obtained for log PS
was qualitatively and quantitatively distinct from Platts’
results on log BB.*°

log BB = —1.21 + 0.77R,~1.877-2.80a'+3.31Vy
(n=18,1> = 0.95,s = 0.48, F = 65)

Interestingly, for the same data set a good correlation of
log PS and log P ianot/water Was found, in contrast to poor

correlations of log BB and P, .,oywaier described earli-
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er.”® These comparisons underscore the notion that mod-
els based on log BB describe properties other than BBB
permeability alone. On the other hand, there was a pos-
itive correlation of log PS and molecular size, as seen for
the log BB model as well.”® This finding is at odds with
most other studies, which defined the molecular mass
threshold of 400-600 Da mentioned above. The presence
of such a threshold is supported by a physical model of
phospholipid bilayers, which postulates the formation of
temporary pores of corresponding size, because of kinks
in the lipid tails caused by unsaturated fatty acids.””
Although the majority of substances in Gratton’s data set
represented small organic nondrug molecules, Liu et
al.'® recently included 23 drug-like compounds in a log
PS model. Using stepwise multivariate regression anal-
ysis, these authors settled on three descriptors (log D,
van der Waals area of basic atoms, topological van der
Waals polar surface area) and achieved statistics (1> =
0.74, with SD = 0.50) superior to log P- or log D-based
models, and better than Gratton’s LFER model. This
shows the persisting problem with cross-validation of
models using different data sets. Clearly, many more
experimental data are required as a basis to improve the
validity of PS-based models.
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